In this study, bio-butanol soluble in bunker A is examined to use as a marine diesel fuel. The effects of 1-butanol blending ratio to bunker A on the fuel properties, ignitability, combustion characteristics and exhaust emissions are investigated using a single cylinder DI diesel engine. The blending ratio of 1-butanol is varied from 10 mass% to 40 mass%. The experimental results show the ignition delay of the blended fuel becomes longer and the HC and CO emissions increase especially at low load conditions with the 1-butanol content. With 30 mass% 1-butanol blends, the thermal efficiency of 1-butanol blend is almost the same as that of bunker A and the smoke emission reduces by about 50 % at full load condition.
Introduction
Biofuel, including biodiesel and bioethanol, is a renewable, oxygenated fuel with the potential to reduce CO2 emissions. Bio-butanol can be made by Acetone-Butanol-Ethanol (ABE) fermentation from various organic substances, such as agricultural crops and waste from crops, but the productivity of bio-butanol by ABE fermentation is low (1) . Recently, studies reporting highly efficient production methods for bio-butanol are being developed (1) (2) . It is possible to use alcohol (such as methanol and ethanol) for diesel engines with higher thermal efficiency if alcohol is blended with high cetane number fuels, such as conventional diesel fuel and biodiesel. Butanol has a higher net calorific value and cetane number than ethanol (3) . Therefore, butanol may be a better alternative diesel fuel or diesel fuel additive than ethanol, and studies on the utilization of bio-butanol as an alternative diesel fuel have been reported (3) (4) (5) (6) (7) (8) . To use butanol as a diesel fuel, one of the authors has tested the diesel combustion characteristics of JIS No.2 diesel fuel (gas oil)/ commercial 1-butanol, CH 3 (CH 2 ) 3 OH, blends (1-butanol content is from 0 to 50 mass%) (5) . The results showed that with increasing 1-butanol content, the smoke emissions decrease dramatically although the ignition delay of the gas oil/1-butanol blend become longer and the HC and CO emissions increase. From this it was concluded that the gas oil/1-butanol blend can be considered as an alternative diesel fuel (5) . Butanol is soluble in Bunker A, and Bunker A/1-butanol blends would also be possible as an alternative diesel fuel like the gas oil/1-butanol blend. Because the aromatic hydrocarbon content of Bunker A is higher than that of gas oil, the maximum 1-butanol mixing ratio and the exhaust emissions of Bunker A/1-butanol blends may be different from gas oil/1-butanol blends.
This study investigated the fuel properties and combustion characteristics of Bunker A/1-butanol blends for use as a marine diesel fuel, using a DI diesel engine with a jerk-type fuel injection pump. Further, the effects of the 1-butanol content (up to 40 mass%) on diesel combustion were examined and comparisons were carried out with operation with a JIS No.2 diesel fuel (gas oil) and 30 mass% 1-butanol and gas oil blend.
Test fuels
Bunker A, JIS No.2 diesel fuel (gas oil), Bunker A with 10 to 40 mass% of 1-butanol (BBA10, BBA20, BBA30, and BBA40), and gas oil with 30 mass% of 1-butanol (BGO30) were used as test fuels. The properties of the test fuels and 1-butanol are shown in Table 1 . The net calorific values, densities, kinematic viscosities, pour points, and 50% distillation temperatures were measured. The carbon, hydrogen, and oxygen contents of Bunker A/1-butanol blend (BBA) were calculated from the mixing ratio of 1-butanol and Bunker A. Monocyclic, bicyclic, tricyclic, or more rings (PAH (3 or more rings) in Table 1 ) aromatic hydrocarbon content of Bunker A and gas oil were analyzed by the IP391 test. The content of total aromatic hydrocarbons in the Bunker A and gas oil are 41.2 mass% and 24.0 mass% respectively. Especially, the bicyclic aromatic hydrocarbon content of Bunker A is higher than that of gas oil. The values of aromatic hydrocarbon of Bunker A with 10 to 40 mass% of 1-butanol and gas oil with 30 mass% of 1-butanol were calculated from that of Bunker A and gas oil. The net calorific value of 1-butanol is about 29% lower than that of Bunker A due to the about 22 mass% of oxygen in the fuel. The pour point and 50% distillation temperature of 1-butanol (the values in parentheses in Table 1 ) express the melting and boiling points respectively. When the 1-butanol content increases, the net calorific value and kinematic viscosity of the Bunker A/1-butanol blend decreases due to the increase in the oxygen content. The distillation temperatures of the test fuels are plotted in Figure 1 . The initial distillation points of Bunker A/1-butanol blend and BGO30 are about 118 o C, the boiling point of 1-butanol. In the range of 0 to 60% distillation temperatures, when the 1-butanol content increases, the distillation temperatures of Bunker A/1-butanol blend decrease and become lower than those of Bunker A and gas oil. The distillation temperatures of Bunker A/1-butanol blend and BGO30 are almost the same as that of Bunker A and gas oil in the range of above the 60% distillation temperature. 
Experimental apparatus and procedures
A single cylinder DI diesel engine was used for the experiments, a naturally aspirated, water-cooled, four stroke diesel engine. The specifications of the test engine are shown in Table 2 . The standard fuel injection system recommended by the engine manufacturer was used for both the 1-butanol blended fuels and the neat Bunker A. The type of experiment is a steady state engine test and the experiments were started with the engine warmed up. When the test engine achieved stable operating conditions, the loads were applied and the measurements were started. The engine speed was fixed at 2000 rpm and the loads applied were from 0% to 25, 50, 75, and 100% using an electronic dynamometer. At the 100% load condition the brake mean effective pressure (BMEP) of the test engine was 0.67 MPa. The exhaust gases were sampled from the exhaust of the test engine and measured by following standard procedures. The HC emissions in the exhaust gas were measured by a flame ionization detector (FID), the CO emissions by a non-dispersive infrared detector (NDIR), the NOx emissions by a chemiluminescence detector (CLD), and the smoke emissions by a light transmitting type smoke meter (Opacimeter). The cylinder pressure was measured by a strain gauge type pressure transducer and the needle lift of the fuel injector nozzle was monitored by a Hall-effect element. The signals were recorded with a digital scope recorder at all load conditions, and the profiles of the rate of heat release and the needle lift were determined from an average of 50 cycles. The engine tests were carried out at ambient temperatures, 20±5 °C. 
Results and discussion
There were no problems in the startability and stability of the engine operation with the test fuels. Figures 2, 3, and 4 show the rates of heat release and the needle lift profiles at BMEP=0, 0.17 and 0.67 MPa (0, 25, 100% load conditions) respectively. These values are averages of 50 cycles. From the needle lift profiles, the injection timing of Bunker A is very similar to that of gas oil. The injection timing of the Bunker A/1-butanol blends retard with increasing 1-butanol content. This may be ascribed to the lower bulk modulus of 1-butanol because of the lower density. From the needle lift profiles it can be seen that the fuel injection duration of Bunker A/1-butanol blends except at the low load conditions with BBA40 becomes longer as the 1-butanol content increases, as the net calorific value of the fuel decreases. As the net calorific value of the fuel decreases at the same engine power condition, the quantity of fuel that must be injected to supply the same amount of chemical energy to the combustion chamber increases. This is a reason why the fuel injection duration becomes longer as the blending ratio of 1-butanol with lower net calorific value increases. From Figures 2 and 3 , the injection timing of BBA40 retards at low load conditions. Especially, at BMEP=0.17 MPa the injection timing of BBA40 is -8 degrees crank angle after TDC and is about 2 degrees later than that of other fuels. To investigate the injection timing of BBA40 retardation further, the fuel consumption of BBA40 was measured and compared with the base fuel, Bunker A. Figure 5 shows the needle lift of Bunker A, and Figure 6 shows the effect of BMEP on the fuel consumption of Bunker A and BBA40. From Figure 5 , it can be seen that the injection timings of Bunker A are about -10 degrees crank angle after TDC at BMEP=0, 0.17, and 0.67. In the same manner, it is -8 degrees crank angle after TDC at BMEP=0.34MPa (50% load condition), and -9 degrees crank angle after TDC at BMEP=0.50MPa (75% load condition). Up to the 50 % load, the injection timing of Bunker A becomes later with increasing BMEP, and above 50 % loads, the injection timing becomes earlier. The needle left profile at BMEP= 0.34 MPa in Figure 5 clearly shows that there is a secondary fuel injection. The residual pressure in the injection pipe decreases by the secondary injection, and the next pressure rise is retarded in the injection pipe. This is the cause of the injection timing retardation. The secondary injection is generated when the pressure of the injector nozzle sac volume reaches or exceeds the injection-valve opening pressure due to the tuning of the reflected pressure wave in the injection pipe. The reason why the secondary injection of Bunker A is generated at BMEP=0.34 MPa is not further analyzed is because it is outside the scope of this study. From Figure 3 , it can be seen that the needle lift profile of BBA40 at BMEP=0.17 MPa also has a secondary injection, and that it is similar to that of Bunker A at BMEP=0.34 MPa in Figure 5 . This similarity in the needle lift profiles is caused by the fuel consumption of BBA40 at BMEP=0.17 MPa being very similar to that of Bunker A at BMEP=0.34 MPa as shown in Figure 6 . Therefore, it may be concluded that the injection timing retardation of BBA40 at BMEP=0.17 MPa is caused by a secondary injection generated with the increase in fuel consumption. In the case of high cetane number fuels such as gas oil and Bunker A, it is not necessary to consider the phenomenon of injection timing retardation with a secondary injection because the thermal efficiency and exhaust emissions versus BMEP show similar general tendencies. However, it is necessary to consider this phenomenon with a low ignitability fuel such as BBA40 as will be described below.
Figures 2, 3, and 4, show that the ignition of Bunker A is retarded when compared to gas oil. This is due to Bunker A containing more of aromatic hydrocarbons than gas oil as shown in Table 1 . The ignition of Bunker A/1-butanol blends retard with increasing 1-butanol content and the ignition delay becomes longer. The increase in ignition delay is due to the addition of the low cetane number 1-butanol. In addition, the following effects may contribute to the increases in the ignition delay: (1) an inhibiting effect of the lower alcohols on the autoignition of the paraffinic hydrocarbon (9) , (2) a decrease in the ambient temperature caused by the large latent heat of 1-butanol (the latent heat of 1-butanol and gas oil are 619.2 kJ/kg (10) and 187.2 kJ/kg (10) respectively), and (3) the delay of the injection timing. It is considered that these effects play a larger role at low load conditions with BBA40. The ignition delay becomes shorter with increasing BMEP due to the rise in the gas temperature in the combustion chamber. Generally when the BMEP increases, the temperature in the combustion chamber becomes higher and the ignition delay becomes shorter. In this study, the charging efficiencies are about 85 % and 80% at BMEP=0 and 0.67 MPa respectively. As the charging efficiencies decrease with increasing BMEP, the intake air in the combustion chamber expands due to the higher temperature of the combustion chamber walls. This suggests the possibility that in this study the gas temperature in the combustion chamber may increase with increasing BMEP. As in Figures 2 and 3 , the ignition delay of BBA40 at BMEP=0.17 MPa is longer than that at BMEP=0 MPa. This phenomenon arises as the injection timing is about 2 degrees retarded. However, the effect of the injection timing retardation on the ignition delay is not very large at other 1-butanol mixture ratios and BMEP. Figure 2 (0% load) shows that ignition and combustion retards with increasing 1-butanol content, that the peak of the heat release rate decreases with increasing 1-butanol content, and that the end of combustion timing retards with the 1-butanol content at 30 mass% or higher; this is due to the lower ignitability of 1-butanol. From Figure 3 (25% load), the peak of the heat release rate with 1-butanol contents below 20 mass% is very similar to that of Bunker A. In Figure 4 (100% load), the peak of the heat release rate rises with longer ignition delays, and the ratio of the premixed to the diffusion combustion increases. This is probably due to the larger amount of combustible fuel air mixture formed during the longer ignition delay burning rapidly after the ignition. Figure 4 also shows that the end of combustion timings of Bunker A/1-butanol blends, at about 40 degree crank angle after TDC, are very similar to those of Bunker A, BGO30, and gas oil. Figures 2, 3, and 4 show that except at high 1-butanol contents at BMEP=0 and 0.17 MPa (low load conditions), the end of combustion timing of the Bunker A/1-butanol blend are very similar to that of Bunker A. This is probably due to improved atomization and vaporization of the spray when mixing in the low kinematic viscosity and low boiling point 1-butanol. This would promote the air-fuel mixture formation in the spray of the Bunker A/1-butanol blend causing the shortening of the combustion period. As shown in Figures 2 and 3 , the ignition delay and the profiles of the heat release rates of BGO30 are between those of BBA10 and BBA20 at low load conditions, and as shown in Figure 4 , that of BGO30 is similar to BBA20. Figure 7 shows the effect of the 1-butanol content on the brake thermal efficiency (BTE) of the test fuels. The BTE of the gas oil and BGO30 are shown at BMEP=0.67 MPa. The BTE is almost constant with 0 to 30 mass% of 1-butanol content. The BBA40 has a lower BTE at BMEP=0.17 and 0.34 MPa (low and medium load conditions) compared to the other test fuels. This is due to the degree of constant volume of heat release decrease as shown in Figure 2 . The BTE of BBA30 is very similar to that of BGO30. Figures 8 and 9 show the effect of the 1-Butanol content on the HC and CO emissions of the test fuels. The HC and CO emissions of the gas oil and BGO30 are shown at BMEP=0 and 0.67 MPa. The HC and CO emissions increase with increasing 1-butanol content, especially at BMEP=0 and 0.17 MPa (low load conditions) the HC and CO emissions increase dramatically. The increase in HC and CO may be ascribed to the significant ignition and combustion retardations with increasing 1-butanol content as shown in Figures 2 and 3 . When ignition is significantly retarded, lean fuel mixture in the spray increases due to the low kinematic viscosity and low boiling point of 1-butanol. Also, the combustion temperature during the expansion stroke becomes lower due to the combustion retardation, resulting in increases in incomplete combustion. Particularly, the very large increase in HC and CO emissions of BBA40 at low load conditions would be due to the very long ignition delay. From  Figures 8 and 9 , the HC and CO emissions of BBA40 at BMEP=0.17 MPa become higher than at BMEP=0 MPa. This may be ascribed to the ignition delay at BMEP=0.17 MPa being longer than that at BMEP=0 MPa. Such superficially conflicting phenomena did not occur with gas oil/1-butanol blends (5) as the ignitability of gas oil is better than Bunker A. The HC and CO emissions of BBA30 are very similar to that of BGO30 at BMEP=0.67 MPa, and the HC and CO emissions of BBA30 are higher than BGO30 at BMEP=0 MPa. These higher emissions at BMEP=0 MPa are due to the ignition delay of BBA30 being longer than that of BGO30. Figure 10 shows the effect of the 1-butanol content on the NOx emissions of the test fuels. At BMEP=0 and 0.17 MPa (low load conditions), the NOx emissions decrease with increasing 1-butanol content. As shown in Figures 2 and 3 , the decrease in NOx is due to the slowing of the heat release with the longer ignition delays and the lower combustion temperature during the expansion stroke. At BMEP=0.67 MPa, the NOx emissions are similar for all the 1-butanol contents although the peak of the heat release rate becomes higher as shown in Figure  4 . Generally when the peak of the heat release rate after ignition rises, the combustion temperature becomes higher and the NOx emissions increase. However, the duration of the heat release becomes shorter with increasing 1-butanol content as shown in Figure 4 . This suggests that the effect of the increase in combustion temperature caused by the higher peak of heat release rate is largely offset by the effect of the decrease in residence time of high temperature burnt gas caused by the shorter heat release. Therefore NOx emissions are very similar despite the increases in the 1-butanol content at BMEP=0.67MPa. The NOx emissions of BBA30 are very similar to those of BGO30. Figure 11 shows the effect of the 1-butanol content on smoke (opacity) emissions with the test fuels. The smoke emissions decrease with increasing 1-butanol content at BMEP=0.5 and 0.67 MPa (high load conditions). With the increase in 1-butanol content, the premixed combustion ratio increases due to the longer ignition delay as shown in Figure 4 . Also, the oxygen in the fuels compensates for the lack of oxygen in the fuel rich regions of the spray during the diffusion combustion, overall resulting in the reduction of soot formation. Therefore the reasons for the decrease in smoke emissions with the increase in the 1-butanol content are considered to be both the increase in premixed combustion as well as the effect of the oxygen in the fuels. At BMEP=0.67 MPa, the smoke emissions of BBA10, BBA20, BBA30, and BBA40 are respectively reduced by 24%, 32%, 46%, and 56% from those of Bunker A. At BMEP=0 and 0.17 MPa (low load conditions), the smoke emissions of Bunker A with 10 to 30 mass% of 1-butanol are close to 0 %. At BMEP=0 MPa, the smoke emissions of BBA40 are 19%, and at BMEP=0.17 MPa 14% as a result of the ignition delay of BBA40 becoming overly long. 
Conclusions
This study investigated the fuel properties and combustion characteristics of Bunker A/1-butanol blends (BBA) for use as a marine diesel fuel, using a DI diesel engine with a jerk-type fuel injection pump. Further, the effects of the 1-butanol content (up to 40 mass%) on diesel combustion were examined and compared with JIS No.2 diesel fuel (gas oil) and a 30 mass% 1-butanol and gas oil blend (BGO30). The results of the experiments suggest the following conclusions:
(1) There are no problems with startability and stability of the engine operation with Bunker A/1-butanol blends up to 40 mass% of 1-butanol.
(2) The ignition delay of Bunker A/1-butanol blends increase with increasing 1-butanol content. The ignition delay with BBA30 becomes longer than that of BGO30. The BTE of Bunker A/1-butanol blends with up to 30 mass% of 1-butanol is very similar to that of Bunker A. (3) At low load conditions, the HC and CO emissions of the Bunker A/1-butanol blends increase with increasing 1-butanol content. At high load conditions, the smoke emissions of the Bunker A/1-butanol blends decrease with increasing 1-butanol content. (4) The ignitability of Bunker A/1-butanol blends is poorer than that of gas oil/1-butanol blends, and the recommended 1-butanol mixing ratios of Bunker A/1-butanol are lower than those of gas oil/1-butanol blends. From the experimental results, it may be concluded that the optimally maximum 1-butanol mixing ratio of Bunker A/1-butanol blends is 30 mass% of 1-butanol for the ignitability, the brake thermal efficiency, and the exhaust emissions.
Overall, it is concluded that it is possible to use Bunker A/1-butanol blends up 30 mass% of 1-butanol as an alternative diesel fuel. It must be noted that the present research is focused on the combustion characteristics of BBA, and that it will also be necessary to investigate engine durability for the BBA and the material compatibility between the materials used for diesel engines and the BBA.
References
(1) Crabbe, E., Nolasco-Hipolito, C., Kobayashi, G., Sonomoto, K., Ishizaki, A., Biodiesel production from crude palm oil and evaluation of butanol extraction and fuel properties, Process Biochemistry, Vol.37 (2001), 65-71.
(2) Atsumi, S., Hanai, T., Liao, L.C., Non-fermentative pathways for synthesis of branched-chain higher alcohols as biofuels, Nature, 451 (2008) 
